Background: Cerebral hyperperfusion syndrome (CHS), characterized by severe ipsilateral headache, seizures, and intracranial hemorrhage, is a rare, poorly understood complication that can be fatal following carotid endarterectomy (CEA). The purpose of the study was to determine the factors associated with CHS as captured in the Vascular Quality Initiative.
Cerebral hyperperfusion syndrome (CHS) following carotid endarterectomy (CEA) was originally described by Sundt and colleagues in 1981 and is characterized by severe ipsilateral headache, seizures, and intracranial hemorrhage. 1, 2 The pathophysiologic mechanism is derived from the "normal perfusion breakthrough" theory, in which it was noted that cerebral edema and hemorrhage occurred after excision of arteriovenous malformation. 3 This phenomenon is thought to be due to chronically vasodilated intracranial vessels that lose their capacity to constrict or to autoregulate in the presence of chronic cerebral ischemia. 4 Because of its rare occurrence, with a cited incidence of 0% to 3% in the literature, it remains a poorly understood phenomenon, yet it is a complication with devastating implications, associated with up to a 50% mortality rate. 2, 5 We sought to determine the clinical factors associated with the development of CHS following CEA in participants from the national Vascular Quality Initiative (VQI).
METHODS
Description of the data set. Data were obtained from the CEA module of the national VQI database after 6 is a prospective registry composed of 17 regions within the country and 358 centers in 46 states in addition to Ontario; it was created for the purpose of improving vascular surgical outcomes. In addition to including detailed demographic data, the VQI collects granular data regarding intraoperative and postoperative variables, making it the ideal data set to study vascular surgical outcomes. To ensure accurate entry of all eligible cases, registry data are compared with hospital claims data annually, minimizing missing cases and enhancing quality control. Additional details of the database have been published previously. [6] [7] [8] This project was reviewed by the University of Pennsylvania Institutional Review Board and determined to qualify as a Quality Improvement Project and as such did not meet the requirements for formal review and qualified for waiver of informed consent.
Ascertainment of CHS and definition of variables. CHS was defined in the VQI as seizures associated with headache or any hemorrhage noted on computed tomography scan or magnetic resonance imaging and was coded as a binary variable. Urgency referred to CEA performed within 24 hours of admission or if the patient could not be discharged before operation; transfer was defined as whether the patient was transferred from another hospital or rehabilitation unit; coronary artery disease (CAD) encompassed prior myocardial infarction and stable and unstable angina; and postoperative hypertension and hypotension were defined by the need to use medications to treat postoperative hypertension and hypotension. Minor stroke is nondisabling, whereas major stroke is characterized by disability causing nonindependent living status.
Statistical analysis.
A retrospective analysis of the prospectively collected data set was performed. Summary statistics of demographic data were performed; continuous variables were compared using Student t-test, and the frequency of categorical variables was compared using c 2 test. Univariate logistic regression was performed to determine the factors associated with CHS. Any variable reaching a statistical significance of P < .10 from the univariate analysis was considered for inclusion into the multivariable model, in which a forward selection approach was undertaken using P ¼ .25 as the cutoff for inclusion for all variables. Because of prior studies that have implicated a recent neurologic event as a significant predictor for CHS, 9 we derived multiple multivariable models to include various types of prior ipsilateral neurologic events. These exploratory analyses included <1 month neurologic event (transient ischemic attack [TIA] or stroke), <1 month TIA or minor stroke, <1 month major stroke, and ipsilateral TIA or stroke, defined as ocular or cortical or combined. The multivariable model associated with the neurologic event with the greatest area under the curve (AUC) was selected. Based on prior data implicating contralateral severe stenosis and contralateral occlusion as risk factors for CHS, 2, 5 we hypothesized a priori that the risk of CHS would be higher in those participants with ipsilateral severe carotid stenosis as well as contralateral severe carotid stenosis or occlusion and tested for effect modification. We ultimately derived two multivariable models because of the desire to develop one that included preoperative variables that would affect a surgeon's decision to operate as well as a model that included preoperative, operative, and postoperative variables. In deriving the multivariable models, we considered the following prior neurologic events for inclusion: <1 month neurologic event (TIA or stroke), <1 month TIA or minor stroke, <1 month major stroke, and ipsilateral TIA or stroke, defined as ocular or cortical or combined; <1 month major stroke was associated with the greatest AUC and therefore was considered in the multivariable model for CHS. The goodness of fit for both models was confirmed by the Hosmer-Lemeshow test as has been previously described. 10, 11 To determine the relative importance of each variable as it contributed to the multivariable model, dominance analysis was performed as previously described. 12, 13 In brief, dominance analysis is a statistical approach to determine the relative contribution of each predictor in the model to the outcome of interest, in this case, CHS. This is performed by determining each variable's contribution to the overall variance of the model. The statistical threshold for significance for all analyses was P < .05. All analyses were performed using Stata version 12 (StataCorp LP, College Station, Tex).
RESULTS
There were a total of 51,001 CEA procedures from 2003 to 2015 included in this analysis. The overall mean age of the cohort was 70.2 6 9.4 years; it consisted of 39.6% female patients, 93.1% of white race, and 34.7% with diabetes. Hypertension was present in 88.7%, and CAD was present in 28.6%. There were a total of 94 patients (0.18%) who suffered from CHS, which was associated with a 38.2% mortality rate. There was a statistically significant higher transfer rate among those with CHS (11.2% vs 5.1%; P ¼ .009). There was a significantly higher rate of CAD in those with CHS (40.4% vs 28.6%; P ¼ .014). Patients with CHS had a higher rate of preoperative beta blocker use (73.0% vs 62.3%; P ¼ .037). For additional summary statistics of the demographics of the overall cohort as well as for the CHS vs no-CHS patients, refer to Table I .
With regard to their prior surgical history and preoperative neurologic status, the CHS patients had a higher rate of ipsilateral cortical stroke (23.6% vs 12.0%; P ¼ .001) as well as a higher rate of ipsilateral ocular or cortical stroke (27.0% vs 13.4%; P < .001). With regard to timing of the neurologic event, patients with CHS had a higher rate of <1 month ipsilateral TIA or stroke (26.0% vs 23.2%; P ¼ .005) as well as a significantly higher rate of <1 month ipsilateral major stroke (7.9% vs 1.4%; P < .001). The history of vertebrobasilar TIA or stroke was also higher in CHS patients (6.7% vs 2.3%; P ¼ .005). The presence of contralateral severe stenosis, defined as $70% or occlusion, was also greater in the CHS group (38.2% vs 28.7%; P ¼ .048). There was no difference in ipsilateral stenosis severity between the CHS and no-CHS groups (P ¼ .232). There was also no difference in the rate of ipsilateral ocular or cortical TIA between groups (18.0% vs 16.7%; P ¼ .745). Preoperative anticoagulant use was no different between CHS and no-CHS groups (9.0% vs 6.4%; P ¼ .329). Details of this univariate analysis are displayed in Table II .
With regard to operative and postoperative variables, urgency status was higher among CHS patients (28.1% vs 12.7%; P < .001), as was the need for re-exploration (6.8% vs 1.9%; P ¼ .001). Mean procedure time was greater in the CHS group (143.5 6 9.3 vs 118.9 6 52.4 minutes; P < .001). Blood pressure lability proved to be an important postoperative predictor, with the CHS patients exhibiting a higher rate of postoperative hypertension (46.1% vs 17.0%; P < .001) as well as a higher rate of postoperative hypotension (29.2% vs 10.9%; P < .001). Indeed, the need for any blood pressure medication was notably high in the CHS group (62.9% vs 27.0%; P < .001). Postoperative cardiac issues were also higher in the CHS group, with CHS patients exhibiting a higher rate of dysrhythmias (13.5% vs 2.0%; P < .001) as well as a higher rate of postoperative myocardial infarction (7.9% vs 0.9%; P < .001). Postoperative anticoagulant use was no different between CHS and no-CHS patients (7.9% vs 6.9%; P ¼ .707). Details of the summary analysis of operative and postoperative variables are provided in Table III logistic regression including preoperative, operative, and postoperative variables are summarized in Table V . The variable with the strongest association in this model was postoperative hypertension, accounting for 27% of the overall variance (Fig 2) , with postoperative hypotension as the second most important, accounting for 15%. Cardiac-related complications were significantly associated as well, with dysrhythmia accounting for 12% of the model fit and postoperative myocardial infarction contributing 8%; <1 month major stroke, urgency, female gender, and re-exploration were also significant factors in the model. For both multivariable models, we considered a possible interaction between ipsilateral $70% stenosis and contralateral $70% stenosis or occlusion. Having a contralateral $70% stenosis or occlusion did not affect the association between ipsilateral $70% stenosis and the occurrence of CHS (P ¼ .3159 and P ¼ .3001, respectively). In comparison of the two models (preoperative vs preoperative, operative and postoperative variables), the addition of operative and postoperative variables contributed to the model significantly, as denoted by the greater AUC (AUC ¼ 0.7850 vs 0.6519; P < .001; Fig 3, A) . Whereas postoperative blood pressure lability and cardiac complications constituted a significant proportion of the fit of the overall model (62% ; Fig 2) , postoperative variables alone did not account for all of the model, as evidenced by a smaller AUC (0.7297 vs 0.7850; P ¼ .006; Fig 3, B) , suggesting that preoperative characteristics of the patient were still important to serve as a milieu for development of CHS.
DISCUSSION
CHS is a devastating, poorly understood complication that can occur after CEA. This is the largest study to date of CHS that follows CEA using the national VQI data set. In this study, we demonstrated that when preoperative variables are considered, recent major stroke was associated with a more than fivefold increased odds of CHS. Female gender, CAD, and severe contralateral stenosis were also independently associated with CHS. In contrast, we demonstrated that with the inclusion of operative and postoperative variables, blood pressure lability was the most influential, accounting for 42% of the variance in the model, with postoperative hypertension associated with a 4.10-fold increased odds and postoperative hypotension associated with a 3.21-fold increased odds of CHS. Postoperative cardiac complications were also highly associated with CHS and accounted for 20% of the overall model, with dysrhythmia associated with a 3.23-fold increase in odds and myocardial infarction associated with a 2.84-fold increase in odds. In addition, urgency and re-exploration were independently associated with CHS. The rationale for considering two models was to provide a model composed of patient-related factors that would be considered before one's decision to bring the patient to the operating room as well as a model that encompassed operative and postoperative variables to further define associations with the CHS event. Whereas CHS has been described as occurring as early as postoperative day 0, 5 it typically has a more delayed onset between postoperative days 3 and 6. 10, 11 Thus, the postoperative course and postoperative management of the patient are germane to development of CHS. Whereas postoperative blood pressure lability and cardiac complications were highly associated with CHS, they did not explain all of the variability in the model, indicating the importance of pre-existing comorbidities in the pathophysiologic process of CHS. The importance of recent major stroke in CHS has a potentially significant impact on how symptomatic carotid stenosis patients are treated. In a recent analysis of pooled data from the North American Symptomatic Carotid Endarterectomy Trial (NASCET) and the European Carotid Surgery Trial (ECST), which included 5893 patients, the benefit from CEA was greatest in those patients who were randomized within 2 weeks after their last ischemic event, with a 30.2% reduction of absolute risk of stroke in those who were randomized within 2 weeks of their neurologic event, which was reduced to a third in those patients randomized >4 weeks after the event.
14 The results from our study, however, suggest that recent major stroke is the most important preoperative risk factor for CHS. Indeed, short time interval between neurologic event and CEA was the most important risk factor for CHS in a prospective study of clinical predictors for CHS following CEA. 9 Furthermore, one should take note that in the summary analysis from NASCET and ECST, the patients were eligible for entry in these trials if they had a relatively minor neurologic event, such as a recent TIA or a nondisabling stroke. The pooled analysis, therefore, does not provide information on those patients who have had a recent major stroke.
The findings from our study show that patients undergoing urgent CEA <1 month major stroke are at a substantially increased odds for development of CHS. Further study should be performed to determine what the optimal time interval may be to prevent another stroke, yet minimizing the risk of CHS in symptomatic patients. CAD was also a significant preoperative risk factor for CHS. Although this association has not been the emphasis in prior papers, 9 the presence of underlying coronary disease could provide the substrate for the increased dysrhythmias and myocardial infarctions seen in CHS patients in this large cohort. Female gender was also associated with a higher risk of CHS, which parallels the generally poorer outcomes in women compared with men after CEA. Women have been noted to have a higher perioperative risk of stroke as well as death after CEA, 15, 16 thus making the margin of benefit smaller in considering performance of a CEA in a woman with an asymptomatic carotid stenosis. Once again, this reflects the importance of considering sex-specific outcomes in weighing the risks and benefits of surgery. Severe contralateral stenosis of $70% was also significantly associated with CHS. The idea of CHS risk being higher in those with decreased cerebral reserve has been published by multiple other studies 2, 9, 17, 18 and is supported by findings from this investigation. The significance of the relationship between postoperative blood pressure lability and CHS mirrors findings from other studies, which cite the importance of preventing hypertension to decrease intracranial hemorrhage after CEA. 5, 9, 12, 13, 19 The combination of defective cerebral autoregulation, uncontrollable hypertension, and increased cerebral blood flow has been implicated in the pathophysiologic mechanism of CHS. 1, 17 This has repercussions for how patients are optimally managed after CEA.
Patients are typically monitored in a stepdown unit or an intensive care unit for serial neurologic examinations as well as for blood pressure control. 20 The data from this study support close hemodynamic monitoring of patients in the postoperative setting, as blood pressure lability was highly associated with CHS. In addition, in patients who have required intravenous hypertension treatment in the hospital, discharge with close home blood pressure management in the first week seems appropriate to avoid this complication, given the typical delayed presentation (postoperative days 3-6) of CHS.
10
The importance of this cannot be overemphasized as a recent single-institution study of CEA patients demonstrated that the majority of readmissions (73.4% of unplanned readmissions) were due to a carotidattributed cause, including stroke, headache, reperfusion, and hypertension, and that the median time for readmission was 4 days. 21 As CAD was found to have a significant association with CHS, it is not surprising that there was also an association between CHS and postoperative dysrhythmias and myocardial infarction. One could posit that this could be due to hemodynamic instability associated with CHS, with its attendant effects on afterload and cardiac strain. 22 Indeed, both postoperative hypertension and hypotension have been associated with cardiac complications in a VQI study using a regional data set. 23 In sum, these findings justify close monitoring of CEA patients in the postoperative period. Urgency also increased the risk of CHS, probably because of the high proportion of these patients having had recent major strokes or neurologic events, which has also previously been reported. 9 The need for re-exploration was also associated with CHS; this could be a marker for increased ischemia duration, if the reason for re-exploration was due to a technical issue such as an intimal flap. There was also a trend toward procedural time >2 hours as a significant contributor to CHS. This has not been emphasized in prior studies and could be an area of future investigation.
There are limitations to our study. This is an observational, cross-sectional study; thus, cause and effect cannot be directly determined. This is particularly relevant with regard to the postoperative variables; blood pressure lability could have been part of the overall clinical picture of CHS, rather than a direct cause of CHS. Based on literature review, CHS has a prevalence of up to 3%; our prevalence of 0.18% may represent under-reporting. It is also possible that given the definition of CHS as seizures associated with headache or intracranial hemorrhage noted on computed tomography or magnetic resonance imaging, the definition of CHS may not have captured milder forms of CHS, such as severe headache. Furthermore, the low prevalence of CHS in this study could be due in part to the delayed presentation of CHS, whereby the patient may develop CHS after discharge and suffer from a mortal event that may not be captured as the cause of death. Because timing of the reperfusion event was not captured, we are not able to shed light on this as a reason for possible data omission. Furthermore, because the VQI defines CHS as a binary variable, we do not have the knowledge to separate CHS patients into milder or more severe forms, the latter of whom likely had an associated elevated mortality rate. Understanding why patients with mild CHS are able to recover, whereas patients with severe forms of CHS cannot, would lend insight into the pathophysiologic mechanism of CHS and should be the subject of future study.
Finally, there may be unmeasured confounders contributing to the results of our model. However, the VQI is an exhaustive database inclusive of many relevant variables for this outcome, all of which were considered as candidate variables in building the appropriate multivariable models. We also note important strengths of this study. This is the largest cohort studied for CHS to date, and thus it offers the most comprehensive information regarding this rare and devastating complication. The VQI is a registry composed of academic and community hospitals across the United States as well as Ontario and thus provides a "real-world" view of CEA that lends itself to generalizability across all types of providers and practice settings.
CONCLUSIONS
This study shows that the risk of CHS is highest in those who are female, have suffered a recent major stroke, have CAD, and have a contralateral severe carotid stenosis. Postoperative blood pressure lability and cardiac complications were also highly associated with CHS. These findings help identify a subset of patients undergoing CEA who are at high risk for CHS. Future study should be devoted to better defining the exact timing and mechanisms behind the development of CHS to avoid this complication. 
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